Background: Premature rupture of membranes and preterm delivery are associated with Ureaplasma infection. We hypothesized that Ureaplasma induced extracellular collagen fragmentation results in production of the tripeptide PGP (proline-glycine-proline), a neutrophil chemoattractant. PGP release from collagen requires matrix metalloproteases (MMP-8/MMP-9) along with a serine protease, prolyl endopeptidase (PE). Methods: Ureaplasma culture negative amniotic fluid (indicated preterm birth, n = 8; spontaneous preterm birth, n = 8) and Ureaplasma positive amniotic fluid (spontaneous preterm birth, n = 8) were analyzed by electro-spray ionization-liquid chromatography tandem mass spectrometry for PGP, and for MMP-9 by zymography. PE was evaluated in lysates of U. parvum serovar 3 (Up3) and U. urealyticum serovar 10 (Uu10) by western blotting and activity assay. results: PGP and MMP-9 were increased in amniotic fluid from spontaneous preterm birth with positive Ureaplasma cultures, but not with indicated preterm birth or spontaneous preterm birth with negative Ureaplasma cultures. Human neutrophils cocultured with Ureaplasma strains showed increased MMP-9 activity. PE presence and activity were noted with both Ureaplasma strains. conclusion: Ureaplasma spp. carry the protease necessary for PGP release, and PGP and MMP-9 are increased in amniotic fluid during Ureaplasma infection, suggesting Ureaplasma spp. induced collagen fragmentation contributes to preterm rupture of membranes and neutrophil influx causing chorioamnionitis.
P
reterm delivery is an important health care concern, accounting for more than half of perinatal mortality and long-term morbidity (1) . Intrauterine infection is often associated with preterm delivery (1) and combined clinical and histologic chorioamnionitis is noted in 40-70% of preterm births with either preterm premature rupture of membranes (PPROM) or spontaneous preterm labor (2, 3) . While chorioamnionitis is often polymicrobial, the genital mycoplasmas Ureaplasma parvum (Up) or Ureaplasma urealyticum (Uu) are the most frequently isolated microbes occurring in almost half the cases of culture-confirmed chorioamnionitis (2, 4) , and are strongly associated with PPROM and prematurity (5, 6) . In a non-human primate model, it has been shown that Up as the sole pathogen elicits a robust proinflammatory response and leads to preterm labor (7) . A critical barrier to the field is that it is not clear how Ureaplasma spp. (Up/Uu) induce chorioamnionitis and initiate PPROM or spontaneous preterm labor. Previous studies evaluating variation of the MB antigen (8) , hemolysins (4) urease (9), IgA1 protease (4) or phospholipases A and C (4) have not led to major insights into pathophysiology, and the use of antimicrobial agents has not reduced preterm birth (2, 10, 11) .
Ureaplasma spp. infections associated with spontaneous preterm labor are characterized by neutrophil influx, with remodeling of extracellular matrix (especially type IV collagen) in the fetal membranes. Recent evidence from our group has demonstrated a novel mechanism of neutrophil influx through extracellular fragmentation of collagen, producing the tripeptide PGP that induces chemotaxis of polymorphonuclear leukocytes (PMNs) (12) . PGP activates CXC receptors on PMNs due to a structural homology with ELR+ chemokines, such as IL-8. Using electro-spray ionization-liquid chromatography tandem mass spectrometry (ESI-LC MS/MS), we have detected PGP in human diseases such as chronic obstructive pulmonary disease and cystic fibrosis (CF) (10, 13, 14) . The mechanism for PGP release from collagen involves the coordinated efforts of MMPs (specifically, MMP-8 and MMP-9) along with a serine protease, prolyl endopeptidase (PE). In addition, human neutrophils contain PE, which is constitutively active, and can generate PGP de novo from collagen after activation with LPS (12) . It has been shown that neutrophils activated by cigarette smoke extract can breakdown collagen into acetylated PGP (N-ac-PGP) and that this collagen fragment itself can activate neutrophils, which may lead in vivo to a self-propagating cycle of neutrophil infiltration, chronic inflammation and lung emphysema (15) . More recently, it has also been found that the loss of the PGP degrading enzyme-leukotriene A4 hydrolase (LTA4H), leads to sustained and pronounced pulmonary inflammation due to acute infection (16) . We tested the hypothesis that Ureaplasma spp. (Up/Uu) infection leads to release of PGP and MMP-9, which would potentially lead to neutrophil accumulation and be associated with an increased risk of PROM, due to collagen fragmentation.
RESULTS

Analysis of PGP
PGP was elevated only in amniotic fluid of spontaneous preterm labor with ureaplasma infection, but not in amniotic fluid of spontaneous preterm labor without ureaplasma infection, or in amniotic fluid of induced preterm birth that was Ureaplasma spp. (Up/Uu) negative (Figure 1 ).
Analysis of MMP-9
As PGP was evident in amniotic fluid from individuals with Ureaplasma infection, we evaluated whether MMP-9 activity might also be elevated in these samples. As shown (Figures 2  and 3) , gelatinase activity was elevated in amniotic fluid from spontaneous preterm labor patients with Ureaplasma infection, and was correlated with PGP (r = 0.53, P = 0.01). Since PMNs are a major cell type responsible for production of MMP-9, which is required for the generation of PGP, the potential role of Ureaplasma in a feed-forward cycle of MMP-9 production was investigated by examining whether Ureaplasma induces MMP-9 release in neutrophils in vitro. Freshly isolated human PMNs were stimulated with Ureaplasma and 1.0 μg/ml IL-8 as shown in (Figure 4) . This concentration was selected as they reflect the relative potency for neutrophil chemotaxis for IL-8 (17) . In fact, when both Up3 and Uu10 were incubated with PMNs, there was a notable increase in MMP-9 release (Figure 4) demonstrating a host-pathogen interaction leading to protease release. 
DISCUSSION
Intrauterine infection is often associated with preterm delivery (1) and in a non-human primate model, Ureaplasma as the sole pathogen elicits a robust proinflammatory response and leads to preterm labor (7) . A critical barrier to prevention of Ureaplasma spp. (Up/Uu) induced premature delivery is a current lack of knowledge as to how the organisms initiate preterm premature rupture of membranes or spontaneous preterm labor. The widespread prevalence (35-60%) of Ureaplasma spp. in women of childbearing age (4, (18) (19) (20) and the potential for rising antibiotic resistance (21-23) increases the importance of characterizing the process of pathogenesis so that targets for therapeutic strategies can be devised. In this study, PGP was increased in amniotic fluid during Ureaplasma infection. In addition, these microbes were determined to have the critical prolyl endopeptidase (PE) protease necessary for PGP release from collagen. The increase in gelatinase activity from the amniotic fluid, but not from the Ureaplasma spp., strongly suggests a novel bacteria-host interaction whereby Ureaplasma spp. might induce the release of MMP-9 from host neutrophils and critical interplay of Ureaplasma regulating host protease release. These findings indicate a mechanism whereby Ureaplasma infection leads to collagen fragmentation (which may predispose to preterm rupture of membranes) and PMN influx (leading to chorioamnionitis and additional protease release resulting in more collagen fragmentation). These observations are clinically relevant, as they suggest a potential therapeutic strategy of inhibiting PGP production, which may attenuate chorioamnionitis and delay preterm delivery.
We have previously reported that mid-trimester elevated amniotic fluid MMP-8 is a marker for subsequent PPROM (24) . MMP-8, in combination with MMP-9, is one of the metalloproteases that generates PGP from collagen. We found that MMP-9 activity was also increased in amniotic fluid during Ureaplasma infection and is correlated with increased PGP. In addition, PE was present and quantified from Up3, which suggests that the generation of PGP could possibly involve a critical host-pathogen interaction (MMPs from neutrophils in combination with PE from Ureaplasma).
One of the weaknesses of our study is that we employed only culture-based methods for Ureaplasma detection. With the advent of genomic methods like 16S sequencing, it has now become possible to detect the microbiome composition of any body organ or fluid. Consistent with other reports about a resident "fetal and placental microbiome" (25-28), we speculate that the amniotic fluid may harbor other microbes, which could play a role in preterm labor, preterm rupture of membranes, chorioamionitis, and diseases of prematurity such as bronchopulmonary dysplasia.
Our study identifies an important alteration in host response due to pertubation in microbial homeostasis leading to preterm rupture of membranes (Figure 6 ). Further studies involving novel diagnostic and prognostic tools (e.g., Chip-based assays for detection and quantitation of PGP in amniotic or vaginal pool fluid) and novel therapeutic strategies (involving PGP blockade) are warranted.
METHODS
Patient Samples and Ureaplasma Cultures
Amniotic fluid samples were collected at birth as a part of a prospective cohort study of 457 consecutive singleton deliveries of infants born between 23 and 32 wk gestation, conducted at the University of Alabama at Birmingham, Birmingham, AL, between December 1996 and June 2001 (29) . Approval was obtained from the Institutional Review board at University of Alabama at Birmingham, with a waiver of informed consent requirement. Amniotic fluid samples were collected processed and cultured as described previously (26) . Ureaplasma cultures enabled the identification of organisms to the genus level based on colonial morphology and urease production on A8 agar (ATCC type strains for U. parvum serovar 3 and U. urealyticum serovar 10). Further identification of Ureaplasma to species level was not possible since no polymerase chain reaction testing was performed on the isolates, but there is no reason to believe this information would have affected the interpretation of the results. Spontaneous preterm birth was defined as delivery after either spontaneous preterm labor or spontaneous preterm premature rupture of membranes (PROM). Indicated preterm birth was defined as delivery effected for maternal or fetal indications. A total of 24 random amniotic fluid samples were analyzed, 16 of which were Ureaplasma culture negative (indicated preterm birth, n = 8; spontaneous preterm birth, n = 8) and 8 of which were Ureaplasma culture positive (spontaneous preterm birth, n = 8). The clinical characteristics and demographics of the study population have been described in previous publications (29, 30) .
